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PREFACE

This is a report of work which is an extension of that
reported in NASA Contractor Report 3960 entitled "Analysis
of Airborne Doppler tLidare Doppler Radary and Tall Tower
Measurements of Atmospheric Flows in Quiescent and Stormy
Weather." The focus here is on more Doppler lidar
observations in thunderstorm environments. This study bhas
led to two publications in refereed journals: One appeared
in Applied Opticse and the other will appear in the Journal

of Atmospheric and Qceanic Ieghpologye.
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’/ Chapter 1

INTRODUCTION

Bluestein et ale (1935) describe a number of interesting
findings in their analyses of data obtained 1in Oklahoma in
1981 using the Airborne Doppler Lidar System (ADLS)
developed by the National Aeronautics and Space
Administration's (NASA) Marsnall Space Flight Centere
Vortices were observed along thunderstorm gust frontss and
patterns of convergence were noted along the sides of an
isolated cumulus congestus, suggesting that the instrument
could »orove wuseful in studies of wvarious "clear air"
convective phenomena not currently observable in any detail
with Doopler radarse. Howevers the complexity of the datay
along with the presence of several systematic errors
associated with delays in data recordings made it imperative
that careful attention to data quality control be exercised

in the interpretation of results derived from the data.

A number of substantial refinements to the previous data
analysis algorithms have been made during the course of work
supported by this contracf, in an attempt to improve the
internal consistency of the data and enhance the reliability
of the analysese. In making these refinements we have

attempted to exploit more fully some of the built-in



redundancy of the measurements of scalar quantities which
attends the use of intersecting lines of sight needed in the
synthesis of the coplane wind fields. The more substantial
of these refinements are discussed belows Results of
analyses based on use of the refined algorithms shows that
the scalar intensity field estimates are gquite stable and
reliabley while the scalar spectral width field estimatesy
after removal of the effects of mean radial velocity
gradientsy are reliable as long as the intensity of the echo

is sufficiently stronge



Chapter II

REFINEMENTS TO DATA ANALYSES

During intercomparison tests made between the 1981 lidar
data and data from radars and other sensorsy it bgcame clear
that certain of the lidar data fields could not easily be
compared directly to any quantities obtained from other
instrumentse. The lidar echo intensities are an obvious
eaxampley, but the lidar spectral widths were also difficult
to compare with those from a Doppler radar due to the high
noise content of the latter*®s estimates in clear air near
storm edgese In the absence of credible reference data with
which to compare the lidar intensities and widthsy it became
necessary to seek a more self-contained method of evaluating
the reliability of those estimates. The fore and aft
measurements of wind <components are necessary in the
deduction of the two-dimensional wind vectorss but companion
fore/aft measurements of scalar fields are once-redundant
and thus offer a built-in opportunity for internal
consistency checks in the lidar data. In this section we
describe the development of the algorithms used in applying
these consistency checks to the intensity and spectral width

data from the 1931 experimentse



2ele Consistency checks: general procedures

The first step in the internal consistency checks for the
scalar lidar data fields is segregation of fore and aft scan
data and application of thresholding ;nd point-editing
routines (Bluestein et alss 198357 McCauls 1985) to remove
obviously nolsy data which would not benefit from the

correction procedures to be described belowes Initiallye

thresholding parameters were set to values used 1in earlier

analysese Latef. howevery after examining the data using
the consistency algorithms, we found that ravised
thresholding values could be used and conditional

relationships specified between those valuesy so that the
thresholding algorithm would perform more efficiently during
final data analysese. As an additional precautiony range
averages of the intensity and spectral width data were
computeds in some casesy frame biases similar to those seen
in the velocities (see Bluestein et ales 1935) ware
observeds The source of these frame biases in intensity and
width is not knowny, but may originate in small fluctuations
of transmitted laser power. In any casey the biases were
reduced by application of the bias removal technique
described in 3luestein et ale (1935). After thresholdingy
editing, and frame-bias removaly independent objective
analyses of fore and aft scalar fields were performed and
the results plotted for comparison purposess. Areas of

significant disagreement could then be identified and their



ORIGIAL § 2% i5
OF POOR Quiflit’

relationship to raw signal-to-noise ratio (SNR) could be
studiede. Following removal of data in the areas subject to

significant disagreement, final analyses of the data could
be prepared by averaging the fore and aft fields of gridded
data at those grid points where both fields were in

agreemente.

Due to the time lags between fore and aft data collected
at longer ranges from the aircrafty agreement between fore
and aft fields was not always perfect, even when data
advection (Bluestein et aley 19855 McCauly 1985) was used
prior to the interpolation of raw data to the Cartesian
gride. Some flexibility was found to be needed in choosing
the criteria for agreement between fore and aft fieldsy
because of the possibility of large 1local differences
between fields 1in areas of large gradientse. Choices of
"agreement criteria which imposed too stringent a requirement
for agreement were found to result in undesirable deletion
of wvalid data in these gradient regionse Ideally the
comparison of fore and aft fields should con;ist of
two-dimensional cross-covariance calculations and additional
correction for any field displacements inferred from them,
followed by comparison of the fields using more stringent
comparison criteria than were used here, Howevery this
procedure would have been too cumbersome for normal use.
Insteady it was more practical to employ loose comparison

criteria in conjunction with detailed subjective review of



plotted results and some point editing in order to achieve

the optimum analyses of the datae.

22 Consistency checks of intensity data

In comparing the fore and aft fields of relative

reflectivity, it was found that agreement between the
independent fields was excellente. Examples of the fore and
aft fields from run 2 are shown in Figse 1 and 2. Because

of the presence of large gradients of reflectivity along the
arcus cloud in run 2, it was necessary to establish a rather
loose comparison criterion for determining whether the
fields were in agreement. The criterion for agreement was
that the ratio of fore and aft relative reflectivities at
grid points be within 20 dB of each other. The similarity
of the fields in Figse 1-2 is evidence that the relative
reflectivity field is 1internally consistentsy and almost
certainly measures some physically meaningful atmospheric

quantity related to water vapér or cloud densitya
23+ Consistency checks of spectral width data

Comparison of the fore and aft fields of raw spectral
width data interpolated to grid points showed that there
were substantial areas of disagreaement between the fields.
The areas of disagreement were apparent near the velocity
gradient of the gust front; disagreement was also noted

along the entire run at long ranges from the aircrafte
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Study of this disagreement between fore and aft spectral
width fields eventually revealed that there were two factors

responsible for the disagreement.

The first factor relates to the unavoidable increase 6f
noise in the spectral width estimates as the raw SNR s
reducede. Since SNR normally declines with range - uﬁless
highly reflective targets are encountered - we expéct the
spectral widths to become noisy beyond a <certain range
corresponding to a critical value of SNR. Through study of
the differences between fore and aft spectral widths it was
observed that noise overwhelmed the spectral width estimates
whenever the SNR was not at least 12 dB. This background
noise level is easily estimated by examining the raw SNR at
long ranges from the aircraft. The noisy portion of the
spectral width fields associated with 1low SNR were thus
removed from the data by thresholding out those width values
which were wunreasonably large and which were <collected in

regions where SNR was less than 12 dB.

The second factor which caused disagreement between fore
and aft spectral widthsy, sometimes even at high SNRys was
ultimately discovered to be the presence of radial velocity
gradients along lidar lines of sight. Since the mean .
velocity field was highly anisotropicy fore and aft lines of
sight generally did not see the same gradients of velocity

because of their different angles of incidencees These



different mean velocity gradients were capable of
introducing significantly different components of apparent
spectral width in fore and aft spectral width es&imates. In
order to remove these anisotropic effects from . the spectral
width estimates and obtain revised estimates which would
more accurately reflect the more isotropic effects of
turbulent velocity Fluctuagions. we attempted to remove that
portion of each spectral width estimate due to the gradient
of radial velocitye The simple model we developed to assess
the effect of radial velocity gradients on spectral width is

described belows

We first assume that we may describe the radial velocity

V, as a locally linear function of range about some range
3
Ve = Ve ) + [r = ry )3V, /ar (1)

Under this assumption the probability density function P{(V_ )

is uniform across the wvelocity interval defined from the

diféerence of radial velocities at the range gates "j+1"™ and

"j-1" adjacent to any range gate "j" at r=r, where we wish

to correct the spectral widthe We thus compute P{V.} from:
1

PIV,) = ==———e————— (2}
Ar.dv,/ar



In equation (2) we specify Ar as the range gate depth and
estimate the derivative 12V, /dr by centared finite
differencese Now we may obtain an expression for the

spectral width due to the mean velocity gradient from:

v2
g2 = S VZ PLV, ) 4, (3)
vl
where the 1limits v, and v, are given respectively by

-(dv, /) tAar/2) and +(2dv, /ar){Ar/2). Integration of (3)

produces:
af = (BV,/arlz(Arlzllz {4)

We now simply assume that the total measured spectral width

squared consists of the sum of the squared widths 05 due to

mean velocity gradients and qf due to turbulent
fluctuations within the range resolution volume. We thus
write:

2 - 2 2

4 = a; + qr {5)

To obtain the estimate of turbulent spectral width we

transpose (5) to get:
o = (o2 - qf yrs2 (61}

subject to the constraint that 1f the radicand in (56} is
negative then the turbulent width estimate is zero. Tests
of this formula on even large data runs vyielded only a
handful of points where the radicand in (6) was negative.

- 11 -



After application of (6) to the fore and aft spectral
width datay the revised fore and aft fields of spectral
width showed considerably more consistency of pattern and
magnitude. Sample plots from run 2 are given in Figse 3 and
49 In assessing the degree of agreement between fore and
aft fieldsy we considered the fields to be in satisfactory
agreement if they differed from each other by less than a
factor of 2.5. This factor was a reasonable choice in view
of the large flﬁctuations which characterized the spectral

width in regions of high noise contente
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Chapter III

OTHER ANALYSES

Several additional analyses were conducted in an effort
to see if the lidar data vyielded results which were
self-consistent or conformed with either previous
observations or theoretical calculationse. Among these
analyses were tLagrangian computations of parcel vorticity
alang the gust front of runmn 2y most unstable wavelength
computations of vortex  spacing along that same gust front,
and examination of the divergence of wind components normal
to arbitrarily oriented lines passing through the center of

the asymmetric isolated cumulus cloud of runs 5-12.
Ju.le Vorticity analysis along the run 2 gust front

Particularly noteworthy features seen in some of the 1981
lidar results {Bluestein et ales 19857 McCaul, 19857 McCaul
et alee 1987) are the well-defined vortical perturbations
seen along the gust front of run 2 in the 30 Juﬁe datae
Peak vorticity in these featuresy, computed from the gridded
lidar windsey 1is about 4x10-2 s—!, Almost all the vortex
patterns appear to be associated with notches or clefts in
the arcus seen Dboth in the side-~-looking photographs énd in

the reflectivity patterns, and thus appear to be genuine.



To further substantiate the observed vortex patterns and
large vorticity concentrations along the gust front, we
performed computations of parcel vorticity along parcel
trajectories which seemed reasonable for such a gust fronty
and compared the results with the observations. To do thisy
we needed to estimate the vertical shear near the gust
fronty the vertical velocity at and near the fronty the
amount of convergence along the fronts and the width of the
convergance zone. Most of these gquantities <could be
estimated from the lidar data or from data collected by a
National Severe Storms taboratory {(NSSL) mesonet station at
Tuttle-South (TTS)y which was overflown by the aircraft

during data collectione.

Since the aircraft'apparentlv was closest to TTS (within
1 km) at 2020 GMT, the average vertical shear at TTS was
estimated by comparing the wind vectors obtained by the
lidar and the surface statione. The lidar-derived winds.
nearest TTS were 4¢3 m s™! from 135 deg at 2020 GMTy while
the surface station’s 60-s average wind was 1.9 m s~! from
134 deg at that timee. Using the aircraft altitude estimate
of 722 m from the (V-990*'s down-looking radar and ignoring
the tiny difference in wind azimuthsy e infer a

southeasterly vertical shear of 3.3x10~3 -1,

We estimated the peak surface convergence and the width

of the frontal convergence zone from consideration of the




front-normal velocity components of the winds shown in Fige.

Sy under the assumption that the winds at TYS were
representative of the overall two-dimensional average
circulation across the fronte Centered-difference

computations on the 498 m one-dimensional grid that results
from the time-to-space transformation (twice as coarse as
the grid wused to resolve the 1lidar measurements), yield
convergence of 7x10~3 s~!, while the spatial pattern of the
convergence estimates implies that the width of the
convergence zone is about 2.1 kme This width 1is in
agreement with the width of the zone of well-defined
convergence measured by Hobbs and Persson (1932) along a
cold fronty but is about half that which was measured at the

edge of a gust front étudied by Fulton and Zrnic?® (1985},

A peak convergence of about 5x10-2 s~t wyas inferred from
the lidar winds near one of the gust front vorticess but
typical lidar-derived values of convergence near the front
were 1-2x10-2 s“.. These latter values are in good
agreement with the magnitude of the TTS~-derived surface
convergencey especially when the differences in spatial
resolution are taken into account. A firm estimate of the
width of the convergence zone could not be obtained froﬁ the
lidar-derived wind fields in run 2 because noise in the
lidar winds masked the convergence patterns at about the

10=3 s~! magnitude level.
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We hypothesized that the gust front vortex patterns might
be caused by the tilting of pre-existing horizontal
vorticity 1in the boundary layer just ahead of the gust
fronty some of which may have been solenoidally generated
{Rotunno and Klempsy 1985), or by hydrodynamic instability of
the sheared interface petween the warm and cold air on
eifher side of the gust fronte To see whether the
magnitudes of vorticity computed from the lidar-derived run
2 wWinds can be explained by the tilting and stretching
mechanismsy we consider these terms in the wvorticity

equation in height coordinates:

d4¢/7dt = -(8+F)1d - k.uwx IV, /az (7

where: < vertical relative vorticity

f = Coriolis parameter
$ = horizontal divergence
v, = horizontal wind vector

w = vertical wind component

k = unit vector along z-coordinate

This egquation is directly 1intagrable for parcels traversing
the gust front zone under the assumption of constant
convergence and tilting of vertical sheare. The solution is

of the forms

€ = b fexpi{-6t) - 1) (3)



whera the coefficient b is given by f + (1/8}(dw/dx)(dAv/I2),
with v the velocity component parallel to the gust front.
Dur assumptions constitute a simple conceptual model of the
gust front vertical circulation derived from Goff (1975}, in
which both <cold and warm air experience ascent along the
frontal interfacey with maximum upward motion occurring in
the warm air within 1 km of the interface. Herey for

simplicitysy we assumed also that the interface was purely

vertical throughout the 1lowest 720 my and that maximum
upward motion occurred at the interface, as observad by
Fulton and Zrnic®' {1985). We assumed that vorticity of

parcels entering the gust front zone was initially equal
only to the Coriolis parameter, and we used typical lidar-
and TTS-derived values for & of 102 s-1 and {3V, /22| of
3x10™3 s~! in the warm air near the gust front. Although
vorticity gcould in principle be produced by tilting on both
the warm and cold sides of the gust fronty and subseguently
advected toward the gust front boundary from both sidesy we
lacked estimates of vertical shear in the cold air and thus

restrict our discussion to the effects of tilting of shear

in the warm air onlye.

We assumed convergence was constant from the surface up

to the aircraft altitude, 720 my so that &« = -zd from
integration of the incompressible form of the mass
continuity equatione. It then followed that upward motions

of about 7 m s~! probably occurred along the gust front at



aircraft altitude., These upward velocities are within the
range of values measured by Goff {(1975) and Browning {(1971)

along gust fronts and cold fronts respectivelye.

Taking w at 360 m as an estimate of the mean vertical
velocity experienced by parcels traversing the gust front
zZoney and using an updraft zone half-width of about le«5 kmy
we estimated a mean |Vvw| of 2.4x10"3 s~!, and a background
vorticity production rate from tilting of 7.2x107% s=2, The
solution (8) then showed that the exponentially growing
vorticity reaches the observed value of 102 s-t in only
260 se This time is comparable to the 200 s required for a
parcel to accelerate to a vertical velocity of 7 m s~!' while
rising from near the surface up to aircraft altitude and
simultaneously translating 1.5 km at a gust-front-relative
speed of about 38 m s~t. Thus it appears that tilting and
stretching effects estimated using the 1lidar and TTS data
are consistent in magnitude with the average gust front

vorticity computed from the lidar windse

We also investigated the vorticity budget of parcels
traversing the gust front using a more detailed analytical
model of the flow which obviated the need for the assumption
of constant convergence during the traversal. We proceeded
by considering the Lagrangian form of the vorticity

equation:

d</dt = -(S§ + f)élx) ~ (Awlzeyx)/Ax){Av/Az) (9)

- 21 -



where we are now letting the convergence vary with
across-front distance xy but not in the verticaly and we are
letting the vertical velocity vary with both x and z. We
now assume that the convergence pattern across the gust

front may be modelled locally as a sine wave:
Stx) = & costax/2L) (10}

where L is the distance from the front where convergence
switches to divergencey and 8, is the value of divergence at
the frontes where it is largest {negative)le Now since we are
modelling the front as a line of convergencey we may express
the divergence in terms of only one velocity component 8{(x)

= 9u/Oxy from which we deduce:
ulx) = (2L8y /m)sin(nx/2L) (1)
Because § = dw/3Zy we may thus find w:
wixez) = =8,z cosinx/2L) (12)
Thereforae the dw/3x term in (9) becomes:
2w/3x = (mdégz/2L)sinlmx/2L) {13)

We next assume the flow is steady and ts characterized by
vorticity <$ = 2v/ox which is a function €= §{xsz )9 where
z, is the altitude assumed by a parcel when it enters the

gust front convergence zone located at x = L. Substitution

of {(10) and (13) into (3) under these assumptions leads to:

-22-



udf/ax + 8%

(28, L/m)(3S/3x)sinlwx/2L) + § ¥ coslwx/2L)

-fdycos{mx/2L) - (mbgz,/2L)v/ 32 (14)
Simplification of {14) results in:
d/dx{§sinfax/2L)} = -(wf/2L)cos(ux/2L) - (n/ZL)zzog) {15)

where now s, is the assumed constant value of 23v/dz.
" Integrating (15) from x = L inward to some other x yields an

expression for vorticity:

Sixez,) = fll-sinlwx/2L))/sinlnx/2L)

+ (72/4) sz, /L) 1=-x/L)/sinlwx/2L) {16)

If we now choose reasonable values of the parameters fy s
and L to be 1x10™* s~y 3x10"3 s~! and 2 km respectively, we
may compute the vorticity field on a cross section
transverse to the gust front for various reasonable values
of x/L and z/Le. The resultsy given in Table ly are in very
close agreement with the mean value and distribution of
vorticity across the gust front, as deduced from the lidar
windse. In particularey at an altitude of 500 m(z/L = 0s25)
and a distance of 100 m from the front (x/L = 0.05)¢ the
computed vorticity 1is about 2.4x1072 s~'y, very similar to
the average value at the front seen in the lidar-derived
_vorticity results {(McCauls 1985). We conclude that the
lidar data seem to be self-consistent and in agreement with

what simple theoretical models would predicty at 1least as

far as the gust front winds are concerned.



TABLE 1

x/L: 0405 0.10 Os15 0.20 0«25
z/L
0.25 0.0236 0.,0112 0.0071 0.0050 0.0033
0.20 00191 0.0091 0.0057 0.0041 0.0031
O0.15 0e0146 040069 04,0044 040031 0.0023
O.10 00101 0.0048 00030 0.0021 0.0016
0.05 00057 0.0027 0.0017 0.0012 0.0009

We now turn to the question of whether hydrodynamical
instability of the Helmholtz type could have been
responsible for the production of the gust front vorticese.
We recall that vortices gqualitatively similar in appearance
to those observed in run 2 have .been observed by Carbone
{1982+ 1983) along an intense winter-time cold front in
Califorpias and by Wilson (1986) along a spring-time cold
front in Coloradoe. In Carbone?s datay peak vorticities and
divergences were similar to those observed here, about

1072 s~1'y, but overall wind speeds were much higher and the

flow was characterized by a strong Jjet parallel to the

fronte The vortices observed by Carbone were spaced at
intervals of approximately 13 km, somewhat larger than the
3-10~km observed heree. Howeversy in the case studied by

Wilson (1986)y the spacing of vortices was in the middle of

the range of spacings found here.



Carbone attributed the vortices to Helmholtz instability
in the region of strong horizontal shear along the fronte.
Barcilon and Drazin (1972) concludey using standard linear
stability analysis techniquesy that shear zones which can be
modelled as vertical vortex sheets are always unstable in
the presence of superadiabatic lapse ratese. Evidence from
TTS temperature data and temperature data taken by the
aircraft suggest that a slightly superadiabatic lapse rate
of 10.6 deg C per km of altitude existed at TTS at 2020 GMT,
just 2.5 min before the arrival of the gust fronte.
Furthermorey if we model the gust front zone as a horizontal
shear layer with a half-width, 6.75 kmy constrained-to agree
with the TTS wind observationsy linear theory predicts
{Drazin and Reids 1981y pe 146) a most unstable wavelength
of 11 kmy which is close to the maximum spacing seen in the
run 2 winds (see Bluestein et ales 1985+ or McCauly 1985).
Thus it appears possible that Helmholtz 1instability could
have been responsible for the development of the vortical
circulations observed in the run 2 lidar data. Vortices

resembling Carbone's and those observed here have also been

obtained along gust front shear zones in numerical
simulations of convective <clouds (R« Rotunnoy National
Center for Atmospheric Research (NCAR}, 1985, personal

communication).
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3.2 Divergence near an isolated cumulus congestus

The 1981 lidar winds near an isolated cumulus congestus
revealed that there was an overall pattern of cloud-scale
convergence both below cloud base and at about mid-height of
the cloud. The magnitude of <cloud-scale convergence
computed using only the mean wind vectors from each run at
each level applied at the centroidal positions of the vector
fields from each run was approximately 4x10™* s~!, We
sought further ways of seeing whether the lidar w«~inds
suffered from any unidirectional or sideways-pointing biases
during the circumnavigationse. One test we applied involved
computing the divergence of wind components normal to axes
which could be rotated to any orientation through the cloud

centere.

In_order to compute the convergence normal to an
arbitrarily oriented axis wusing the available lidar mean
winds from each runy it was first necessary to establish the

normal and parallel distances of the centroids of wind

vector fields from the axise Because the data runs were of
differing lengths, these centroids were not symmetrically
disposed about the axis in gquestion. Thus it was not

possible to obtain simple finite difference estimates of the
axis—-normal divergencesy and a more general approach had to
be developed. Yo compute the axis-normal divergence, we

assumed that the axis-normal and axis-parallel wind



components were linear functions of along—=axis distancee
There were two data points available on either side of the
arbitrary axis for use in computing the linearity
coefficients and offsetss The normal velocity components on

the "positive” side of the arbitrary axis were thus written:
vp = avp-xlpAf bvp (17)
while those on the "negative®™ side were written:

vn = avn-xln + bvne. {18)

The coefficients avp and avn and offsets bvp and bvn are

computed from:

avp = {(vplp - vp2p)¥/ixllp - x12p}) {19
bvp = vplp - avp xllp (20)
avn = (vpln - vp2n}/{xlln - x12n) (21)
bva = wvpln -.avn xlln {22)

where vplp and vp2p are the transverse velocity components
at the two points on the Hpositive" side of the arbitrary
axis and vpln and vp2n are the <corresponding quantities on
the "negative" sides the xllps x12ps xlln and xl2n are the
corresponding longitudinal distances of each data run wind
field centroid along the axise Entirely analogous
expressions for the distances xp and xn by which the
centroids were off-axisy along with their linearity
coefficients and offsets axpes axney bxp and bxn were also

.
written,



We then estimated the transverse—axis divergence along

the longitudinal axis from:
$1x1) = (vpixl)=-vni{x1))/Ixpi{x1l)=xni{x1)) {23)
which reduces to the ratio of linear functions:

(avb-avn)xl + (bvp-bvn)
8(xl) = —eebmmcmcc e (24)
{axp-axnixl + {bxp~bxn}
The latter quantity could be integrated analytically to
obtain an averaged value of the transverse divergence along
the xl-domain defined by the data points having coordinates
farthest to the left and to the right of the origin {center

of the circumnavigation)e The final expression for the mean

transverse divergence became:

én = (1/c®){(bc-ad)lnl{c-x1lmax + d)/lc.xlmin - d))
+ acixlmax - xlmin)}/i{xlmax -~ xlmin) {25)
where a = avp—avny b = bvp-bvny C = axp—axnhe d = bxp=-bxny

and xlmax and xlmin are the maximum and minimum data
coordinates along the arbitrary axise The computations of
the mean transverse divergence given by (25) could then be
made for a set of arbitrarily-oriented axes through the
centroid of each circumnavigation in order to see whether

the divergences showed any preferential axis of orientation.

Below cloud basey the mean convergence computed from the

variation of the wind component normal to a 1line was
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greatest for a line oriented north-northeast to
south-southwaest (Fige 6y solid linelse This line corresponds
closely to the actual orientation of the cloud bande. At
mid-height of the <cloudy howevery, the convergence {is not

concentrated along any direction {Fige 6y dashed linele.

The fact that the subcloud convergence showed a tendency
to orient itself along an axis parallel to the observed
cloud is further evidence that the lidar wind fields are
indeed behaving like the true wind field. Howevery further
independent verification of the lidar winds from cloud
circumnavigations is desirable before all the details seen

in the 1981 circumnavigations are accepted as correcte
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Chapter 1V

SUMMARY

Continued study of the lidar data collected in 1981 has
resulted ip significant new improvements in the analysis
techniques reported by Bluestein et ale 1{198%) and McCaul
{1985). Some of these improvements are reported in McCaul
et ale (1986) and McCaul et al. (1987)s but full details of
the procedures and findings are not available in those

referencese.

Through comparison of fore- and aft-derived scalar fields
of intensity and spectral widthy the self-consistency of the
lidar moment estimates was assesseds Reflectivity estimates
were found to be quite stable and reliabley while spectral
widths were prone to become noisy if SNR fell below 12 dB.
In addition, spectral widths contained a significant
component due to radial velocity gradients in areas along
gust frontsy and these components were different along the
fore and aft lines of sighte Significant improvement in
agreement between the fo}e and aft fields of spectral width
was obtained by estimating the radial velocity gradient
component and then removing it from the raw measured widths
to yield only the turbulent portion of the contribution to

widthe



Additional analyses showed that lidar-derived vorticity
estimates were consistent with several approximate models of
vorticity growth along gust front zonessy and with the
hypothesis that Helmholtz instability could have been
responsible for vortices seen along part of the gust front
of 30 June 19381. Computations of divergence transverse to
axes through an isolated cumulus congestus indicated that
the strongeét convergence tended to lie aléng an axis
parallel to the congestuses This and the results of the
other additional analyses seem to suggest that the 1lidar
winds do indeed accurately reflect the basic features of the
real wind fielde. Further work is recommended in order to

determine the extent to which the lidar~derived wind field

details are accurate.
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Appendix A

ABSTRACTS OF PAPERS RESULTING FROM THIS PROJECT
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